Chapter 2

HVAC Control System Equipment, Equipment
Uses and HVAC Control Loops

2-1. General

a. The design of HVAC control systems is
implemented by defining the operating modes of the
HVAC equipment, defining the control loops required, and
selecting the control system equipment to be used in the
loop. The process of sdlecting the control system
equipment includes cal culations by the designer to specify
the flow capacity of control devices, the physical size of
control devices and the electric service required.

b. Thischapter describesthe operating modes, process
variables, control, modes, control-system devices and their
features, control system equipment applications, and inter-
connection of control devices. This chapter provides
criteria and guidance for selecting and sizing control
devices.

2-2. Control of HYAC-system operating modes
and process variables.

a. Control-system operating modes. Control systems
start and stop the HVAC systems according to a time
schedule, and at specific outside-air temperatures and
specific indoor temperatures. In addition, the control
systems operate the HVAC systems in the following
modes of operation:

(1) Occupied modeisinitiated automatically to allow
HVAC sysemsto start in sufficient time to bring the space
to the proper temperatures at the start of occupancy.

(2) Ventilation-delay modeisinitiated automatically
to prevent the use of outside air when the unit is started
prior to occupancy, to cool down or warm up the area
served.

(3) Unoccupied modeisinitiated automatically to pre-
vent unnecessary operation of HVAC-system equipment
during periods of non-occupancy except for specia pur-
poses such as operation to maintain minimum space tem-
peratures for freeze protection.

(4) Heating or cooling modes areinitiated manually to
provide either heating or cooling media to HVAC
equipment.

b. Control of HVAC-system process variables. While
the HVAC systems are in operation, the process variables
commonly sensed and controlled by HVAC control
systems are:

(1) Temperature.

(2) Relative humidity.

(3) Static pressure of air.

(4) Differential pressure of air.

(5) Air-flow rate.

c. Constraints on process variables by operating
modes. The constraints placed on the control of HVAC
process variables by the operating modes are:

(1) Cooaling and humidification are shut off during the
unoccupied mode.

(2) Outsideair isnot supplied to the space during the
unoccupied and ventilation-delay modes.

d. Modulating control. The amount of heat delivered
to agpace (or removed from a space) from certain types of
HVAC equipment is regulated by varying the heat-
exchanger capacity from zero to one-hundred percent in
response to the variation of a continuous, gradual input
signal. Thisis called modulating control. Heat-exchanger
control valves, mixing dampers, fan-inlet vanes, variable-
speed drives, and humidifier valves are examples of
HVAC equipment that are controlled by modulating
control.

e. Two-position control. The amount of heat delivered
to aspace from certain types of HVAC equipment is con-
trolled by turning the equipment on and by shutting the
equipment off. This type of contral is also called on-off
control. Examples of 2-position control are the starting and
stopping of the fans of unit heaters and fan-coil units by
room thermostats to maintain space temperature, and the
opening and closing of shut-off dampers when fans are
started and stopped.

2-3. Control-system equipment.

a. Control valves.

(1) Control valves are used to regulate the flow of
fluids in piping systems by compressing and releasing a
valve spring to move avalve-closure disk or plug toward
or away from the closure seat of aflow port. The valves
are used both in modulating and in 2-position control
applications.

(2) Examplesof the use of modulating control valves
are:

() Heating- and cooling-coil control valves.
(b) Converter steam-control valves.

(c) Humidifier control valves.

(d) Perimeter-radiation-systems zone valves.

(3) Examples of the use of 2-position control valves
are:

(@) Dual-temperature water-system changeover
valves.
(b) Shut-off valves used in fan-coil unit coils.

(4) Control valves are classified according to their
flow-regulating body patterns. A 2-way valve redtricts
fluid flow in one direction, because it has one inlet and one
outlet; a 3-way valve restricts flow in two directions. The
designer will use 2-way control valves for controlling the
following types of HVAC equipment:

(a) Convertors.

(b) Radiators.

(c) Coils served by variable-volume pumping
systems.

(d) Steam cails.

(5) A 3-way mixing valve has two inlets and one
outlet, and a 3-way bypass (diverting) valve has oneinlet
and two outlets. For the systems shown in this manual, the
3-way mixing vaveis used in both flow-mixing and flow-
diverting type applications, except that a 3-way bypass
valve is used as a dual-temperature changeover control
vave.

(6) Intheflow-mixing application, the 3-way valveis
used to mix heated primary flow, from aboiler or a con-
verter, with system return flow to produce system secon-
dary supply, for the purpose of controlling temperature.
When used on thereturn line from a coil, one of the 3-way
valve' sinletsis from the coil, and the other inlet is from
the bypass around the coil. The designer may choose to use
3-way mixing vavesin lieu of the 2-way valves shown in
this manual for controlling the following types of HYAC
equipment to prevent deadheading of pumps:

(@) Coils served by constant-volume pumping
systems.

(b) As means of pump pressure relief in variable-
volume pumping systems.

(c) As perimeter-radiation-zone valves.

(d) As diverting valves around boilers or cooling
towers.

(7) Thedesigner may choose to use either four 2-way
valves or one 3-way mixing valve, and one 3-way bypass
valve for 2-position flow-control applications as dual-
temperature-system changeover valves.

(8) Control valves are classified according to the
action of the valve spring in moving the disk or plug rela-
tive to the seat when the control signal or the power is
removed. A 2-way vavethat opensits flow port under this
condition is called a normally-open (NO) valve, and one
that closes its flow port under this condition is called a
normally-closed (NC) valve. A 3-way mixing valve has
both NC and NO inlet flow ports connected to acommon
(C) outlet flow port. A 3-way bypass valve has both NC
and NO outlet flow ports connected to a C inlet flow port.

(9) The flow-regulating characteristic of a valve is
generally determined by the shape of a disk or plug that
passes through the flow port. The flow-regulating charac-
teristics used for control systems covered by this manual
are:

() Linear flow, in which the percent of valve travel
eguals the percent of maximum flow rate through the
vave.

(b) Equal-percentage flow in which equal incre-
ments in the percentage of valve travel produce an equal-
percentage change in flow rate from the previous flow rate,
when a constant pressure drop is maintained.

(10) The applications of 3-way mixing valves
covered by this manual require the use of valves with
linear flow characteristics. The applications of 2-way
valves covered by this manual require the use of valves
with equal-percentage flow characteristics. This
requirement results from the application of the valves as
modulating fluid-control devices. The equal-percentage-
flow characteristic matches the non-linear heat-exchange
characterigtics of the HV AC equipment coils with a change
in fluid flow that tends to linearize the heat-exchange
output of the coil with alinear signal to the control valve.
The linear-flow characteristic is more suitable for mixing
applications and for humidification.

(11) Thepurchase price of acontrol valve increases
with its size. The installation cost of a control valve also
increases with its size, because of

() The change from screwed ends to flanged ends
(b) Because larger valves and their weight require
more installation and handling labor.

(12) At apipe size of 4 inches or larger, a type of
rotary control valve (known as a butterfly valve) becomes
economically suitable for HVAC control applications
because of the combination of the price of the valve and
the installation costs. The butterfly valve has a disk that
rotates on a shaft and closes against a seat. The seat is
concentric with the connected pipe. The butterfly valve can
have flow-control characteristics similar to equal per-
centage when used with an appropriate actuator and posi-
tioner. In three-way applications of valves for 4-inch pipe
size and larger, the designer will show two valves on a
common pipetee, with separate actuators that will operate
the two valves simultaneously. One of the valves will be
NC, and one will be NO. The C connection can be either
an inlet or an outlet. This alows the combination of 2
valves and a pipe tee to function as a 3-way mixing valve
or a3-way bypassvalve. Figure 2-1 shows butterfly valves
used in 3-way mixing and 3-way bypass arrangements on
acommon pipe tee.

b. Control dampers.

(1) Dampers are used to regulate the flow of air in
ductwork in both modulating and 2-position control
applications.

(2) Examples of the use of modulating dampers are:

(a) Air plenum temperature control by mixing out-
sideair and return air.

(b) Space temperature control by mixing warm air
and coadl air.

(c) Space temperature control by varying the flow
of cool air.

(3) Examples of the use of 2-position dampers are:

(@) Closing outside-air dampers or building-exhaust
dampers when fans are stopped.

(b) Isolating sections of ductwork for smoke-control
purposes.

(4) Dampers are classified by the action of ther
blades, which connect to a common shaft that is rotated to
open or to close the damper. Opposed blade dampers
provide better flow characterigtic in throttling applications.
A throttling application is one where the damper is
installed in series with the path of flow and the damper is
used to add pressure drop to reduce air flow. Parallel blade
dampers are used to provide better flow characteristicsin
mixing applications. A mixing application is one where
more than one flow path existsin parallel. Usually, two or
more dampersareindalled in parallel to each other and the
dampers divert flow rather than increase total system
pressure drop.

(5) The control action of dampers (NC or NO)
depends on the direction of their blade rotation caused by
the spring-return stroke of an actuator connected to the
damper’ s drive shaft, when the control signal or power is
removed.

(6) When a control-system application requires that
adamper be open prior to the start of afan, an adjustable
switchis connected to the damper; this deviceis called an
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end switch or limit switch. The end switch operates a set of
contactsin the fan-starter control circuit when the damper
isfully open, to dlow thefan to start; the end switch opens
the circuit to prevent the fan from continuing to operate if
the damper beginsto close.

c. Actuators.

(1) Actuatorsare used to operate valves and dampers.
Pneumatic actuators are powered by air pressure, and are
controlled directly by a pneumatic control signal and
indirectly by an electric or eectronic signal. An electro-
pneumatic device converts an electric or electronic signa
to a pneumatic signal to stroke the actuator. Electric and
electronic actuators are electrically powered and are
controlled directly from an e ectric or eectronic signal to
stroke the actuator.

(2) Modulating control of actuators requires either the
use of a4 to 20 milliampere control signal directly to an
electronic actuator or the conversion of the signal to a
pneumatic control signal of 3 to 15 psig. The pneumatic
signa can bedirectly or inversely proportional to the elec-
tronic signal. The signal conversion values are shown in
figure 2-2.

(3) Two-position control of dectric actuators requires
the closing and opening of a contact to operate an electric
actuator. Two-position control of pneumatic actuators
requires an eectric/pneumatic device to pass 20 psig main
air to the actuator, or to exhaust air from the actuator.

(4) Sequencing occurs when actuators are modul ated
from a common signal by using a portion of the 4 to 20
milliampere signal or the converted 3 to 15 psig signal.
The actuator stroke is adjusted to move its connected valve
or damper from fully-closed to fully-open over the
assigned portion of the common control signal. Deadbands
between the movement of valves and dampers are achieved
by assigning a portion of the common control signal asa
deadband. Each actuator is adjusted so that its full stroke
occurs on either side of the deadband limits outside of the
deadband. Examples of the use of sequencing with a
deadband are:

(a) Sequencing of heating and cooling with a dead-
band between heating and cooling.

(b) Sequencing of heating and outside ventilation
air beyond the required minimum quantity with a dead-
band between heating and increased ventilation.

(5) Actuators are modulated in parallel by assigning
the identical portion of the control signal to each actuator
for its full stroke. Modulation in parald occurs in air-
stream mixing applications such as:

(a) Modulation of outside-air, return-air and relief-
air dampersfor free cooling.

(b) Modulation of multizone hot-deck and cold-
deck dampersin paralld.

d. Current-to-pneumatic transducers. The modulating
device for converting a current-control signal to a
pneumatic-control signal is a current-to-pneumatic trans-
ducer (IP). A 20-psig main air supply to the IP is the
source that develops a 3- to 15-psig output signal in a
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scaed relationship to a 4- to 20-milliampere input signal.

e. Solenoid-operated pneumatic valves. The 2-
position device for converting an electric-contact closure
signal to a pneumatic signal is the solenoid-operated
pneumatic valve (EP). The EP is a 3-way valve that
connects the normally-closed and common ports when the
solenoid coil is energized and connects the normally-open
and common ports when the solenoid coil is de-energized.
The EPisused to switch 20-psig main air to the actuators
and to exhaust air from the actuators.

f. Positive Positioners.

(1) All modulating-control applications of pneumatic
actuators require that the actuator be equipped with a
positive positioner (PP). A main-air supply is the source of
its operating power. The device throttles main air as
required to stroke the actuator to the position dictated by
the pneumatic control signal. However, the positive
positioner can exert pressure higher than that of the
pneumatic-control signal and thus can maintain the
required position against the opposing force of the HVAC
system pressure. Piping-system pressures tend to compress
theair in the digphragm chamber of the valve actuator. The
compression causes a shift in the actual operating ranges
of the valves. The positive positioner has an adjustable
pneumatic-signal start point for the stroke of the actuator
and an adjustable pressure span for the full stroke of the
actuator. The stroke is proportional to the pneumatic
control signal.

(2) Simultaneous heating and cooling can occur when
pneumatic actuators are used, even though the spring-
operating ranges are selected without an overlap. The
results of this phenomenon are shown in figure 2093.
Because of this phenomenon, sequencing applications for
HVAC systems must have positive positioners on pneu-
matic valves and damper actuators, to maintain deadbands
between actuator operating ranges. A control system with
positive positioners is illustrated in figure 2094. When
sequencing actuators from a common control signal, the
simultaneous use of heating and cooling can accidentally
occur if:

(@) Heating and cooling valve operating ranges
overlap.

(b) Heating valve and ventilation damper operating
ranges overlap.

(c) Heating valve and cooling air damper operating
ranges overlap.

g. The choice between pneumatic and electric
actuators. All termina-unit control systems will have
electric or dectronic actuators. For all other control-system
applications, the designer will make an estimate of the total
cost of actuators required for all control systems in the
project. The designer will take into account the cost of
multiple actuators on large dampers and the cost of larger
actuators required for higher torques to operate large
valves. The total installed-cost estimate of pneumatic
actuators will include:

(1) The actuators.

(2) ThelPs.

(3) Tubing.

(4) Locd indicators.

(5) The cost of the compressed-air system.

The totd installed-cost estimate of electric actuators will
include consideration of:

(1) The actuators.

(2) Wiring.

(3) Loop-driving circuits as explained in this manual.

h. Existing compressed-air source. If sufficient air is
available from an existing temperature-control
compressed-air system, it may be used as the air source for
additional control systems.

i. Life-cycle cost. After the installed-cost estimates are
prepared, a life-cycle cost estimate will determine the
choice between pneumatic and el ectric actuators.

j. Sequencing actuators. The actuators that control
valves and dampers are sequenced when HVAC appli-
cations require that the process variables be sensed at a
common location and controlled from a common modulat-
ing signal. The objective of sequencing isto avoid energy
waste by preventing the following opposing processes
from acting simultaneously:

(1) Heating and cooling.

(2) Humidification and dehumidification.

k. Design requirement in regard to actuator-
sequencing ranges. The designer will show the actuator-
sequencing ranges in the equipment schedule when
standard control signals apply.

(1) Prneumatic actuators are sequenced by connecting
the signal input connections of the actuators positive
positioners to the same pneumatic control signal and
adjusting the positioners starting points and spans to
achieve the required sequence. For example, two valves
can be operated in sequence if their positive-positioner
spansare s&t at 4 psig and their starting points are set at 3
psig and 9 psig respectively. Thisresults in ranges of valve
full-stroke operation of 3to 7 psig and 9 to 13 psig, with
a 2-psig deadband between the ranges of operation.

(2) Electric actuators have starting points and span
adjustments similar to those of the pneumatic actuator’'s
positive positioner. In this case, the starting points and
spans are adjusted in milliampere values. When electric
actuators are sequenced, the modulating-control circuit will
be designed within a 600-ohm limitation.

I. Multiple actuators connected to the same control
damper. When the operating-torque requirement for an
HVAC-system damper exceeds the output torque of asin-
gle actuator, additional actuators are connected together to
operate in parallel to control the damper. The designer is
not required to show multiple actuators connected to the
same damper on the schematic. The vendor has the
information necessary in the contract specification to apply
multiple actuators when required.

m. Design of modulating-control circuits within a
600-ohm circuit-impedance limitation.

(1) The output of an HVAC-system controller is

connected in series to actuators externa to the HVAC
control pand, and also to other devicesin the HVAC con-
trol pandl in adirect-current series circuit. The number of
devices varieswith the complexity of the control sequence,
and the impedance of each connected deviceis additive as
a resistance in the circuit. The amount of output-circuit
impedance that a controller will tolerate is product-
specific. The limitation of 600 ohms in the output-circuit
design is needed to permit the controllers of severa
manufacturers to function in the same circuit. The
limitation permits standardization in the design and
permits substitution of one manufacturer's controller for
that of another during maintenance of the system.

(2) If amodulating-control circuit is designed to use
electric or dectronic actuators, the impedance can exceed
the 600 ohm limitation if:

(a) Multiple actuators are required for the same
damper.

(b) More than one damper is modulated from the
same control signal, such as in the case of modulating
outside-air, return-air, and relief-air dampers.

(c) Multiple control-system devices located within
the HVAC control pand are necessary to achieve the
sequence of control.

(3) Many of the control-system devices typically add
250 ohms impedance to a series circuit. This 250-ohm
impedance value comes from a dropping resistor in the
device that is used to convert the 4- to 20-milliampere
current signal at 24 voltsdc to a 1- to 5-volt signal used by
the device'sinternal circuitry.

(4) Figure 2-5 shows methods for designing circuits
within the 600-ohm limitation. The figure shows the fol-
lowing examples.

(@) The limitation exceeded by connecting 750
ohmsin series.

(b) Limiting the control-circuit connection to a
single actuator.

(c) Thecircuit designed within the limitation by the
use of an additional control-circuit device.

(5) Inthefirgt example, shown inthe upper part of the
figure 2-5, control devices 1, 2, and 3 can be actuators or
devicesinthe HVAC control pandl. In the second example,
the controller is connected to actuator 1, and actuator 2 is
operated by an auxiliary-actuator-driver (AAD) circuit on
actuator 1; actuator 2 can operate ancther actuator by its
ADD. In the third example, the same control devices are
connected to aloop driver (LD). Control device 1 and the
loop driver are connected to the controller. The modulating
circuit from the controller is limited to 500 ohms,
consigting of 250 ohms for control device 1 and 250 ohms
for theinput to LD. Control devices 2 and 3 add atotal of
500 ohmsto the output circuit of LD. The output signal of
LD varies in a 1-to-l ratio with its input signal.

(6) Some of the control devices necessary to
implement the control sequence have an input impedance
of 250 ohms, and their output circuits can accept from 800
ohms to 1000 ochms of impedance. The amount of allow-



ableimpedancein their output circuits is product-specific.
Any control device whose modulating-control output cir-
cuit has greater impedance-loading capability than the
impedance of its modulating-control input circuit can func-
tion as aloop driver. In addition to performing a specific
control-sequence function. This output-driving capability
isfound in most modulating-control devices.

(7) When the control system requires more than one
damper with electric or eectronic actuators to be modu-
lated by acontrol circuit, the designer will show the signal
(on the schematic) connected to one of the damper actu-
ators. The AAD circuit of that actuator will be shown as
connected to drive a separate actuator on another damper,
which, in turn, can drive another actuator on still another
damper.

(8) When a modulating-control circuit must drive
multiple panel-mounted control devices, the designer will
show on the schematic:

(a) Not morethan 2 devices (such as | Ps) connected
to that circuit, unless one of the devicesis a control device
that accepts a modulating input signal and produces a
modulating output signal.

(b) Not morethan 2 panel-mounted control devices
connected to the modulating output of a panel-mounted
control device.

(9) The schematic isnot intended to show the physical
connections to the devices, but rather to show the rela-
tionship of the necessary control devices in the control
loop.

n. Transmitters. Variables such as temperature,
pressure, and relative humidity are sensed by means of
elements that are connected to the control loops via
transmitters. The output signal of the transmitter is the
standard 4 to 20 milliampere dc signal, which is factory-
calibrated for zero point and span relative to the input
resistance value of the sensing element. The transmitters
are 2-wire, loop-powered (i.e., powered by the control-
pand power supply) devicesthat connect in a series circuit
with the controller input. The impedance limitation of the
circuit in which the transmitter can function is product-
specific. A typica valueis 700 ohms at 24 volts dc.

0. Sngle-loop digital controller.

(1) A standard controller, known asasingle-loop con-
troller, will be used for all control-system applications
except those required for the control of HVAC-system
terminal units. In all applications where it is used, the
controller will be mounted in aHVAC control panel. The
controller-mounting dimensionswill conform to a standard
pand cutout requirement. The controller will be used for
the following applications:

(@) As a controller for maintaining temperature,
relative-humidity, satic-pressure, and/or airflow setpoints.

(b) As an economizer-mode switchover controller
that determines whether outside air is available for cooling.

(c) As an outside-air-temperature controller for
scheduling hydronic-heating supply temperature and for
starting and stopping pumps.

(2) The controller will be a microprocessor-based

device with manually-configurable control features resi-
dent in solid-stete dectronic-memory components. Manual
access to the features of the controller will be through a
keypad and an aphanumeric indicator on the face of the
controller. The controller will have standard features that
will allow it to serve al functions prescribed in its
application. Standard features will alow the replacement
of any controller by a spare not necessarily of the same
manufacturer.

(3) Thesingle-loop digita controller will have the fol-
lowing inputs and outputs:

(a) A process-variable analog input (PV).

(b) A remote-setpoint analog input for control -point
adjustment (CPA).

() Ananalog output (OUT).

(d) A process-variable-actuated contact closure
output (PV contact).

(e) A contact output that responds to the difference
between PV and CPA analog inputs (DEV contact).

(4) Some controller features are configurable by man-
ual input, and others are selectable by setting switches or
jumper wires. The configuration methods vary with the
specific manufacturer and model. The controller will have
the sdlection of features for its inputs and outputs as
shownintable 2-1.

Table 2-1
Controller Features
Input Output Feature
PV Scalable to the range of the input
transmitter.
CPA Adjustable bias of setpoint relative to the
PV input range.
CPA Adjustable ratio of setpoint relative to
the PV input range.
CPA High and low limits of setpoint
adjustment.
ouT Selection of direct-acting or
reverse-acting.
ouT Adjustable high and low limits.
ouT Adjustable bias (Manual reset).
ouT Seiection of manual or automatic control.
ouT Selection of proportional (P), proportional

plus integral (Pi), and proportional plus
integral plus derivative control modes

(PID).

ouT Anti-reset windup.

ouT Selection of manual tuning or self
tuning.

ouT Manual reset feature for use when the

controller is configured from proportional
mode only and is manually tuned.

PV Contact  Adjustable contact setpoint.
PV Contact  Adjustable hysteresis or deadband.

DEV Contact Adjustable contact setpoint.
DEV Contact Adjustable hysteresis or deadband.

(5) Theoutput control modesthat can be used in com-
bination are:

(a) Proportional mode, which varies the output
proportiondly to the error between the PV input value and
the controller setpoint.

(b) Integrd mode, which modifies the output signal
as a time-related function of the error between the PV
input value and the controller setpoint.

(c) Derivative mode, which modifies the output sig-
nal as function of the rate of change of the error between
the PV input value and the controller setpoint.

(6) Each of these control modes has an assignable
constant, which is adjusted in the process of tuning the
controller.

(7) The integral mode will have a feature that auto-
maticaly stopstheintegration of the error signal when the
controller output signal reaches its minimum or maximum
value. This feature is known as anti-reset windup. If the
process being controlled does not respond to the controller
output for a period of time (such as an overnight
shutdown), continuing the integration of the error signal
during that period would result in the controller failing to
respond to control the process immediately on startup.
Without the anti-reset windup feature, the controller would
reversetheintegration process on startup, but the reversal
would require atime period equal to the time period of the
integration during shutdown.

(8) The controller will have the following selectable
modul ating-control functions:

(a) Sdf tuning of control-mode constants.

(b) Manual tuning of control-mode constants.

(9) Self tuning alows the controller to select the
optima combination of proportional, integral, and deriva-
tive control-mode constants. The controller continues to
use these sdlected constants until the self-tuning control
function is again selected. Applications where self tuning
isused are asfollows:

(a) Mixed-air temperature control.

(b) Heating-coil temperature control for multizone
hot-deck and dual-duct hot-duct applications.

(c) Modulating-value and modulating-damper
preheat-coil control.

(d) Coaling-coil discharge-temperature control for
multizone cold-deck, dua-duct cold-duct, and VAV-
system discharge temperature.

(e) Relative-humidity control.

(f) Supply-duct static-pressure control.

(9) Return-fan volume control.

(h) Hydronic heating supply-temperature control.

(i) Hydronic-heating space-temperature control.

(10) If integral and derivative control modes are not
appropriate for an application, the controller is manually
tuned for proportional-mode control, and the integral and
derivative mode constants are set to zero. Applications
where manual tuning is used are as follows:

(a) Relative-humidity high-limit control.

(b) Outdoor-air scheduling of hydronic-heating
supply temperatures.

(c) Spacetemperature control of single-zone
HVAC units and heating and ventilating units.

(11) Whenthesingle-loop digital controller is manu-
ally tuned to operate as a temperature controller in the
proportional mode, the proportional-band setting is deter-
mined by the use of equation 2-1.

PB (T x100)/Ts

Where:

Py
T

(eq. 2-1)

Proportional-band constant (percent)
Portion of the transmitter span required for
full-scale controller output change (degrees F)

T, = Temperature span of transmitter (degreesF).

(12) If the controller output isto change from 4- to
-20 milliamperes over the range of 0 to 60 degrees F and
the transmitter range is in the range of minus 30 to plus
130 degrees F (a span of 160 degrees F), the use of equa
tion 2-1 would result in:

PB = 37.5 percent.

(13) Whenasingle-loop controller is configured for
proportiona control mode only, the output of the controller
must be set to match the value required for the application
when the PV input value coincides with the controller
setpoint. Thisisaccomplished by configuring the manual
reset setting as a percent of controller output. The effect of
this configuration parameter is to shift the controller
output throttling range with respect to the controller
setpoint. As an example, refer to figure 2-6 which shows
the setpoint relative to the controller throttling range for
manual reset settings of 25, 50 and 75 percent for adirect-
acting controller.

(14) When used as an economizer-switching
controller, the functions of the controller inputs and
outputs will be as follows:

() A return-air temperature transmitter connected
to the PV input.

(b) An outside-air temperature transmitter con-
nected to the CPA input.

(c) Anoutput contact configured as PV and acting
asaswitch.

(d) Anoutput contact configured as DEV and act-
ing as aswitch.

(15) As the outside-air temperature changes, the
potentia for using outside air for cooling is affected. When
the outside-air temperature is lower by a specified number
of degrees than the return-air temperature, outside air can
be used for cooling; when the reverse is true, outside air
must be at minimum quantity. The PV contact setpoint
prevents the use of outside air beyond minimum guantity
until the return-air temperature rises to its set-point. When
the return-air temperature rises to the PV contact setpoint,
the HVAC system is no longer experiencing a heating load.
The DEV contact setpoint alows the use of outside air
until the outside-air temperature approaches the return-air
temperature. The DEV contact then puts the dampers
under control of aminimum-position switch. A minimum-
position switch is a device whose control output is
manudly modulated to an actuator that then remains fixed
until reset manually. Both conditions must be met PV and
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DEV contacts closed) for the use of outside air beyond
minimum quantity.
p. Function Modules.

(1) Therearecontrol functions required with less fre-
quency in HVAC control applications than those included
in the prescribed version of the single-loop controller. Con-
trol devicesto perform specific control functions not avail-
ableinthe single-loop digital controller are called function
modules in this manual . Function modules will be located
in the HVAC control panel, except as noted. Function
modules accept contact, analog, or gradua manual
adjustment input signals to provide:

() Signal sdlection,

(b) Signal inverting,

(c) Contact transfer output from analog signal
input,

(d) Contact transfer output from the comparison of
two analog input signals, and

(e) Generation of constant analog-output signals.

(2) A minimum-position switch is a manually-
adjustable modulating output device used to hold an
outside-air damper open to admit minimum ventilation air.
This same device is used as a temperature-setpoint
sdlector. Inthisapplication, it alows manual adjustment of
the CPA input signal to asingle-loop digital controller. In
the case of cartain single-zone HVAC systems, this device
is wall-mounted and accessible to the occupant for
adjustment of the space-temperature controller setpoint.

(3) A signa invertor is a modulating-input and
modul ating-output device used to reverse the direction of
its input. The signal reversal is required when spring-
return position of a valve or damper actuator has been
chosen to operate with a direct-acting signal, and when an
actuator with which it must be sequenced has been chosen
to operate with a reverse-acting signal. For example, a
chilled-water cail isused for dehumidification and cooling.
The chilled-water-coil valveis chosen as NC becauseit is
to be sequenced with a NO heating-coil vave, and isto
close when the control signal is removed during fan
shutdown and during the unoccupied mode. The direct-
acting temperature-control signal is correct for this
combination. The humidifier control valve is aso chosen
as NC becauseit dso isto close when the control signal is
removed on fan shutdown and during the unoccupied
mode. The humidity-control signal must be reverse-acting
when it operates the humidifier valve, and must be direct-
acting when it operates the cooling-coil valve. A signa
invertor is used to reverse the signal direction of the
humidity controller signal to the cooling-cail valve.

(4) A signa sdector is a device with multiple
modulating inputs and a modulating output. This deviceis
used to select the highest or the lowest of itsinput signals
asits output.

(5) A sequencer is a modulating-input and time-
delayed contact-output device which operates its outputs
in sequence and is used in applications that require the
operation of stages in refrigeration control from a
modulating-control signal. The time delay prevents all
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stages of refrigeration from starting simultaneously when
the HVAC system starts. The contact opens instantane-
oudy on power failure (or on signal failure) to the
sequencer. Thisinstantaneous action prevents all stages of
refrigeration from starting simultaneoudly if electric power
to the control system isinterrupted momentarily.

(6) A loop-driver module is used where required to
allow modulating-control circuitsto be designed within a
600-ohm impedance limitation. A loop-driver module can
be any modulating-input or modul ating-output device used
for this purpose alone or while performing an additional
control loop function. Signal selectors and signal invertors
strategically located in control loops often perform such
dual service.

g. Relays, including time-delay relays. All relays,
including time-delay relays, will be 2-pole, double-throw
devices; they are used for control-system interlocking
functions and will be located in the system’s HVAC con-
trol panel.

r. Timeclocks.

(1) Atimeclock will be used to control the timing of
the modes of operation of an HVAC control system when
the control system is not interfaced with EMCS. When a
time clock is used, it will be located in a HVAC control
pandl. The modes of operation are occupied, unoccupied
and ventilation delay.

(2) Thetimedock will beadevice that accepts atime
schedule by manua input through a keypad and an
alphanumeric display. The time clock features will be:

(a) Two independently-time-controlled contacts.

(b) A program of 4“on” events and 4 "off' events
for each contact.

(c) 365-day schedule.

(d) Twelve selectable holidays.

(e) Standard-time and daylight-time adjustments.

(f) Timed override of programs.

(g) Battery backup of memory.

(3) When used to time the modes of operation of air
handling systems, one contact of the clock will be used for
occupied and unoccupied timing; the second contact will
be used for ventilation-delay mode timing. For other
applications, the contacts may be used as convention to the
design.

2-4. Control loop

A control loop performs three distinct functions. sensing
of avariable astheinput to a controller; decision-making
or control based on the valve of the input; and output or
actuation as a result of control. Figure 2-7 illustrates a
smple control loop. Theinput signal is a continuous ana-
log of the process, and the controller either continuously
sees the input or continualy scans it The controller
changes its output as required by changesin itsinpuit.

2-5. Open control loop

When a control loop senses a variable, makes a control
decision, and sends an output signal to a control device

without recelving input information related to the results of
its control action, the control loop is said to be an open
loop. There are some open-loop control applications used
in HVAC control, such as:;

(1) Operation of pumps above or below a certain out-
side temperature.

(2) Automatic stopping of HVAC systems based on
outside-air temperature.

(3) Scheduling of hydronic-heating supply tempera-
tures based on outside temperatures.

(4) Timing and time-delay operations. Figure 2-8
illustrates an open control loop.

2-6. Closed control loop

When the controller changes its output decision based on
updated input information, the control loop issaid to be a
closed loop. Most of the control loops used in HVAC
control are closed loops. Control of coil-air discharge tem-
peratures is an example. The transmitter, connected to a
temperature-sensing element in the air stream passing
through the coil, signals the temperature controller; the
controller makes a decision as to whether to open or close
the valvethat dlowswater to flow through the coil; and an
actuator operates the valve. The feedback in this example
is the continuous input to the controller of a changing
temperature signal from the coil-air discharge temperature
sensor and transmitter. The transmitter continuously
updates the controller on temperature information from the
sensor, and the controller modifies its output to control the
valve. See figure 2-9 for an example of a closed control
loop.

2-7. Application of open-loop control and
closed-loop control to HVYAC Systems

a. Openloopsand closed loopsin combination. Open
loops and closed loops are used in combinations in some
HVAC control-system applications. A perimeter hydronic-
heating system may have open-loop components to start
and stop the pump and to schedul e the supply-water tem-
perature based on outside-air temperature. At the same
time, it may have a closed loop for the control of the
supply-water temperature.

b. Closedloopsin combination. There are some HVAC
control applications that use two simultaneously-acting,
closed contral loops to actuate the same device. An exam-
ple, as shown in figure 2-10, is control of a duct humidi-
fier. A space relative-humidity transmitter is the primary
input to a relative-humidity controller for the humidifier
vaveinaclosed loop (10op 1). A duct-mounted humidity
transmitter downstream of the humidifier signals a high-
limit relative-humidity controller, which provides a high-
limit closed-loop control function (loop 2), by overriding
the primary controller loop 1 to shut off humidification by
closing the valve if the relative humidity of the air stream
rises to the loop-2 relative-humidity high-limit setting.

2-8. Typical control modes

a. Two-position control.
(1) SomeHVAC equipment can be turned on and off

as a method of temperature control. This type of HYAC
equipment is not applied where temperature control
between close limitsis required.

(2) When athermostat or other control device cycles
equipment to maintain its setpoint the control mode is
called two-position control. A thermostat used for two-
position control opens and closes contacts for control
rather than providing a modulating output signal. The
contects either open or close when the temperature is at the
thermostat setpoint. The state of the contact reverses when
the temperature changes in the proper direction. Such
thermostat contacts usually either open on a temperature
rise (in a heating application), or close on a temperature
rise (in a cooling application). The temperature at which
this happens depends on the switch temperature
differentia (hysteresis).

(3) Anexample of two-position control is unit-heater
control, in which a g, thermostat turns on a unit heater
when the space temperature drops to 65 degrees F and
turnsit off when the space temperature rises to 67 degrees
F. Thethermodtat is said to have a differential of 2 degrees
F and a setpoint of 65 degrees F. Thistype of control can
result in a dight undershoot below the lower end of the
differential, and adight overshoot above the higher end of
the differential .

(4) Thethermostat may turn off the unit at 67 degrees
F, but the heating load may decrease due to increasing
outside-air temperatures. In this event, water circulating
through the unit coil, which will then be acting as a
radiator with the fan off, may raise the temperature in the
space slightly above 67 degrees F as an apparent over-
shoot. Even though the unit turns on when the space tem-
perature drops to 65 degrees F, the space temperature may
fall dightly below 65 degrees F after the unit starts. This
depends on the heating capacity of the unit. If the heating
load decreases, the temperature may subsequently rise to
66 degrees F, and stay at that temperature for a
consderabletime, while the fan continues to run. A similar
situation can happen after the unit heater shuts off at 67
degrees F and the space temperature drops to 66 degrees
F. Consequently, the space temperature may be 66 degrees
F with the unit heater fan either running or stopped. A
graphic representation of two-position control is shown in
figure 2-11.

b. Modulating Control. A simple control loop is
shown in figure 2-12 as it would be applied to heat
outside-air for ventilation using a pneumatic-valve actuator
rather than an electric- or electronic-valve actuator. The
controller operates an |F in response to the signal of the
temperature-sensing element in the air duct, downstream
of the cail, via a transmitter. The |IP pneumatic output
signal modulates the positioner on the pneumatic valve
actuator. The positive-positioner output throttles main air
to the actuator, which moves the valve stem. This example
is used to explain two modes of modulating control that
are applicable to the control of valves, dampers, inlet
vanes, and other devices. The modes applicable to most
HVAC-control applications are:

(1) Proportional mode (P).



(2) Proportional plusintegral mode (PI).

c. Proportional mode (P). The most common control
mode in HVAC control is proportional mode.

(1) Proportional mode is used for the following
applications:

(&) Asamethod of scaling an outside-air tempera-
ture signal to schedule water temperatures for heating.

(b) As a method of space-temperature control for
single-zone air-handling units.

(c) Asamethod of controlling terminal units that
can be modulated.

(2) Fgure 2-13 showsthe kind of control that would
be expected if the controller in figure 2-12 were configured
for the proportional-control mode. The controller
modulates its output signal in proportion to variations of
the input signal. For example, the controller, operating
through the IP, sends a 3-psig air signal to the normally-
open preheat-coil valve when the discharge temperature is
43 degrees F, and it sends a 15-psig signal when the
discharge temperature is 47 degrees F. The 3-psig signal
completely opens the valve to heating, and the 15-psig
signal completely closes the valve to heating. The
controller/IP combination has a proportional sensitivity of
3 psi per degree F, and throttles the valve over arange of
4 degrees F. The setpoint of the controller is 45 degreesF,
but the temperature a which it is controlling is somewhere
between 43 degrees F and 47 degrees F. It takes a 4-degree
F change in controller-output signal for the valve to go
from full heating to no heating.

(3) On afall in outside-air temperature, the heating
load increases. The resultant drop in temperature at the
sensor causes the transmitter to signal the controller to
lower its output to the IP transducer. The IP transducer
lowers the contral air pressure to the normally open valve,
allowing more heating medium to pass through the cail,
thereby returning the discharge temperature amost to the
temperature maintained before the fal in outside tem-
perature. Increasing the controller's sensitivity would
shrink the full heating/no heating temperature range;
decreasing its sensitivity would increase that range.

(4) The phenomenon that prevents the proportional-
control mode from achieving its control point exactly at
setpoint is called "offset due to loan". This occurs when an
equilibrium is reached between HV AC-system output and
the load imposed on the HVAC system. When this
equilibrium occurs, the discharge temperature does not
change. This means that the proportional-maode controller
does not change its output and cause a change in the
HVAC-system output. Conversely, without the changein
HVAC-system output to drive the temperatures toward the
controller setpoint, the controller output does not change.
Therefore, at these equilibrium points, the controls do not
bring the system back to setpoint.

(5) Figure 2-13 shows the relationship between coil
discharge temperature and controller/IP output in response
to changes in outside-air temperature. Except between
point A and B the controller/IP output is proportional to

the discharge air temperature. Between points A and B, the
coil discharge air temperature isthe same as the outside-air
temperature. At points A and B, with a cail discharge
temperature of 47 degrees F, the output is 15 pounds and
the valve is closed. At the fifth hour when the discharge
temperatureis at the 45 degrees F setpoint the controller/IP
output is 9 pounds and the valve is half open. If the valve
is closed at 47 degrees F outside-air temperature and is
half open with a twenty-degree pickup at 25 degrees F
outside-air temperature, then by extrapolation the valve is
fully open at outside-air temperatures of 3 degrees F and
below. Assoon as the air temperature leaving the coil, the
incoming outside-air temperature, and the heating action of
the coil reach an equilibrium, the valve remains at a given
position until the equilibrium is disturbed by changesin
the outside-air temperature.

(6) For a given load on the system, there is some
optimal proportional-sensitivity adjustment at which the
controller will be in stable control and close to the set-
point. In some HVAC control applications, proportional
control may function quite well with a high-sensitivity
adjustment. A high-sensitivity adjustment resultsin anar-
row range of temperature drift from setpoint while the
controller changes its output from full output to minimum
output. Too high a sensitivity adjustment causes the con-
trol point to continuously overshoot and undershoot the
setpoint. In other control applications, stable control may
not be achievable with a high-sensitivity adjustment. A
low-sensitivity adjustment resultsin awide range of tem-
perature drift from setpoint while the controller changesits
output from full output to minimum output, but control is
usually more stable. After the controller sensitivity has
been adjusted, changing conditions of load due to seasonal
and other factors tend to make the adjustment less than
optimal. This phenomenon is afunction of HVAC-system
capacity and HV AC-system response to load changes. The
senditivity of aproportional controller to process variable
changesis called proportional gain.

(7) Aslong asthe proportional controller is control-
ling inastable fashion, at varying load conditions, at some
control point near the setpoint and the proportional-gain
setting is optimum, the controller has achieved the most
precise control of which it is capable.

d. Proportional plusintegral mode (PI).

(1) Many control applications require a controller that
can diminate offset due to load and can control very close
to setpoint. To achieve closer control than is available
from the proportional-control mode, some automatic
adjustment has to be made to the controller output to
change the actuator position without changing the setpoint
or the proportiona-gain setting. The method used to adjust
the contraller output for changesin load is called "integral
mode". Integral mode adds a gain component algebraically
to the controller output. This component is time-
proportiona to the difference between the setpoint and the
stable control point produced by the controller's
proportional gain. This difference is caused by the offset

due to load and is called steady-state error, which is the
error between control point and setpoint when a balance
between the load on the system versus the system capacity
output and controller output is established. Steady-state
error differs from the transitory error between set-point
and control point due to an upset in the process, such as a
changing load or a step change in setpoint.

(2) Theintegrd mode adds a component of output to
the output of the controller that is produced by the con-
troller's proportional gain. The size of the component is
determined by theintegral gain multiplied by the error. As
the error decreases, the size of the component integrated to
the output signal also decreases, and becomes zero when
the controller is controlling at the set-point. This added
component of output causes the valve-actuator-stroke
position to change. This change in valve capacity resulting
from the change in the actuator-stroke position upsets
equilibrium or prevents equilibrium from occurring until
the control point reaches setpoint. This action causes two
things to happen. The resulting temperature change due to
the change in valve-actuator-stroke position causes the
proportiond gain to change its component of output signal
at a magnitude proportional to the change in the
temperature being sensed. While this is happening, the
error changes because the control point is closer to
setpoint, and this in turn causes the integral gain to make
a change in the magnitude of its component of the output
signal due to the changing value of the magnitude of the
error between control point and setpoint. There will be no
further change in the proportional-mode or integral-mode
output components when the steady-state error is zero.
Because of the combined action of both of these control
modes, the controller can reduce the offset to zero, or
nearly zero, and can establish a steady-state equilibrium of
HVAC system control at avalue very near setpoint. This
type of contral is called Proportional-Integral (Pl) control.

(3) Seefigure2-14 for anillustration of proportional
plusintegra control modes. The upper graph of the figure
is identical to the upper graph of figure 2-13. The lower
and middle graphs provide a comparison of the
proportional-mode controller output and resulting coil-air
discharge temperatures (light lines) versus those of a Pl-
mode contraller (dark lines). In the beginning of the middle
graph the integral-mode component is positive and is
added to the proportional mode component. This addi-
tional pressure closes the normally-open valve where the
outside-air temperature reaches setpoint 45 degrees F,
instead of at point A, at which the coil discharge-air tem-
perature is 45 degrees F plus half the controller throttling
range or 47 degrees F (45 $ 4/2). The 47 degrees F tem-
perature would have occurred with proportional control, at
point A. Similarly, when the outside-air temperature falls
to 47 degrees F. the integral -mode component prevents the
valve from opening until the outside-air temperature falls
below 45 degrees F. The proportional only mode controller
would have begun to open the valve at 47 degrees F
outside-air temperature et point B. From the time the valve

beginsto open at the outside-air temperature of 45 degrees
F until the fifth hour when the outside-air temperature is
25 degress F the integral-mode component of the controller
output signal becomes smaller until at the fifth hour the
integral-mode component becomes zero. This additional
pressure on the normally-open valve allows the coil air
discharge temperature to remain at the 45 degrees F
setpoint instead of controlling between 47 and 45 degrees
F when the outside-air temperature is between 45 and 25
degrees F as would have occurred with proportional only
control. Similarly, when the outside-air temperature falls
below 25 degrees F, the integral-mode component is
subtracted from the proportional-mode component of the
controller output signal to open the valve enough to keep
the discharge-air temperature at 45 degrees F rather than
at 43 degress F aswould have occurred with proportional-
mode control.

e. Effectsof rapid load changes. Therate of change of
load imposed on the HVAC system by the process affects
how well the controller will perform itstask of controlling
at setpoint. The temperature of the outside air changes
relatively dowly, and the temperature conditions inside
aso require sometimeto change. Inside conditions change
as a function of air-temperature changes made by the
HVAC system, which warm up or cool down masses of
materiad within the building. Inside conditions also change
as functions of lighting load and occupancy. Because of
these relatively dow rates of change, most of the HVAC
processes that require gradual controller output changes
can be controlled quite well with proportional plusintegral
(Pi) control modes. Except for lighting loads on the HVAC
system, these variable changes are relatively slow
compared to the rates of change of variables that affect
some non-HVAC processss. Lighting loads are sometimes
imposed onthe HYAC system quickly. Thisis an example
of a step change in the process variable. The combined
actions of proportional and integral modes are not aways
adequate to control rapidly-changing variables.

f. Proportional-integral-derivative (PID) mode.

(1) Some processes require a controller that can
respond to rapidly-changing process variables. One answer
to control of rapidly-changing processes has been the
addition of another control mode called derivative mode.
When this control mode is added to proportional -integral
control, the combination is known as proportional -integral -
derivative (PID) control mode. The PID control mode adds
a component algebraicaly to the output signal; this
component is proportiond to the rate of change of the error
between the control point and setpoint. This automatic
adjustment also affects the proportional and integral output
componentsin amanner analogous to the way in which the
integral component affectsthe proportional component. As
the valve-actuator-stroke position changes, the temperature
changes asaresult of changing flow through the valve, and
the rate of error-signal change between the control point
and setpoint varies as the control point comes closer to
setpoint.



(2) There are afew HVAC-control applications that
aredifficult for either P-mode or PI-mode control because
of the fast rates of change of the process variables. One
such application is the control of tankless hearing
converters, such as might be found in some domestic hot-
water-heating applications. The |-mode component of Pi-
mode takes care of the varying range of offsets due to
loads that occur in domestic hot-water heating appli-
cations. For example, high-rise residential buildings have
morning and evening peak periods of demand for hot-water
use. These peak-demand periods drive the domestic hot-
water temperature to the low end of the offset range.
Periods of relative nonoccupancy, such as late morning and
early afternoon, drive the temperature to the high end of
the offset range due to the minimal demand for domestic
hot-water use. Periods of relative inactivity during
occupancy, such as late evening and very early morning,
require practically no domestic hot water. It isthis period
that defines the top end of the offset temperature range.
The P-mode control alone does not control the water
temperature very close to the controller setpoint in this
kind of application. The addition of the | mode to the P
mode makes the offset range much narrower than would
occur with P mode done. However, Pi modes alone cannot
handle the unpredictable diversity of demand as the peak
periods start and end. What happens during the period of
light demand for hot-water use is that the turn-on of a
shower or the startup of a dishwasher produces an upset in
equilibrium that has a greater effect than the same event
would have during a period of heavy demand. Periods of
heavy demand tend to filter out some of the effect of a
single turn-on.

(3) Inthe control-loop applications where manual tun-
ing is prescribed, the proportional-mode constant is set as
the result of a calculation. These applications cannot use
the integral or derivative control modes. Sdlf tuning is
prescribed for these applications because finding the
optimum settings manualy is difficult and time-
consuming. When controllers self-tune, these settings are
automatically optimized, and an optimized derivative-
mode setting is selected due to the controller's sdlf-tune
feature. The effects of adding the | and D modesto the P
modeisillugtrated in figure 2-15, which shows the results
that would be expected with a step change in set-point.
Step changes in setpoints rarely occur in HVAC control
system applications. Theillustration of the step changein
setpoint is used to graphically explain the actions of P, I,
and D modes.

2-9. Standard HVAC-system control loops

a. Standard HVAC-system control loops will be used
for the design of HVAC-control systems. The standard
HV AC-system control loops use the single-loop digital
controller and additional components. These components
are collectively called the control-loop logic. The logic
varies with the loop requirements, and its purposes are to
interface the loops with the operational-mode signals, to
modify signals, and to interface with EMCS. The control-
loop logic is implemented by the use of combinations of
relays and function modules.
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b. Reay coils are activated by occupied-unoccupied,
ventilation-delay, safety-shutdown, EMCS-override, and
other signals externa to the HVAC-control system. The
contacts of the relaysinterrupt analog signals of controllers
and function modules, provide inputs to on/off control
loops (such as Sarter circuits), and operate HVAC control-
panel pilot lights.

c. All therdays, contacts, and function modules are
defined for each loop. Therdative physical locations of the
relays and function modules will be assigned in the HVAC
control panels.

d. Each of the standard HVAC control loops is
described in this technical manual as the designer will
show them on the contract drawings. Each control loop on
the drawings will show the dements of the control loop,
such as sensor-transmitters, controller, function modules,
relay contacts, current-output to pneumatic signal
converter (IP), and final actuator. The control loops will
show all the field-mounted and panel-mounted devices for
a standard loop. Each control loop will show function
modules and relay contacts that are defined for the
interfacing of analog control loops with on/off control
loops.

2-10. Sizing and selection of control-system
devices.

a. Thedesigner will estimate the required motor horse-
power of the HVAC control-system air compressor, to
provide the proper requirements for incorporation into the
electrical power design.

b. Control-system devices such as dampers and valves
are sized on the basis of capacity requirements and allow-
able pressure drops and velocity ranges. The selection of
the type of valve or damper is based on factors such as
allowable leakage rates and available or practical size
ranges.

c. The designer will analyze piping-circuit pressure
drops and their effects on the system's pressure drop due
to the control valves, based on criteria presented in this
manual. The designer will calculate the required liquid-
flow coefficients © for each valve and will show the C, for
each valve. The designer will make sure that pumps are
selected to include the pressure drop through the total
circuit, and will then show the pressure against which the
valve must close.

d. Thedesigner will size control dampers based on the
criteria presented in this manual and will show the size of
each damper.

e. Ovesizing of control devices would result in
systems in which it would be difficult or impossible to
obtain satisfactory control-loop operation, regardless of
the quality of the controller and components used. The
designer must not assume that self-tuning controllers will
compensate for oversizing of control devices. Thel and D
modes compensate for HV AC-system load variations and
HVAC-system equilibrium upsets, but do not compensate
for incorrect valve and damper sizing.

2-11. Sizing of the air-compressor motor
a. Calculation. The designer will estimate the required

alr-compressor-motor size, using equation 2-2, in order to
coordinate with the power circuit serving the air
COMPressor.

Tr=(Qc x 100) / Qd (eg.2-2)

Where:

Tr = Air-compressor running time (percent).

Qc = Control-system air consumption in standard
cubic inches per minute (scim).

Qd = Air compressor delivery in standard cubic
inches per minute (scim).

b. Running-time criteria. The designer will use the
following running-time criteria for sizing air-compressor
motors:

(1) New air compressors. The running-time design
criterion for new air compressors is that the running time
will not exceed 33%2 percent. Thisrequires that, initialy,
the delivery capacity of the air compressor must be at |east
three times the estimated air consumption for the whole
control system that it serves. The designer will count the
number of each type of air-consuming device shown on the
schematics and apply their characteristic consumption
valuesto arrive at the consumption total. The designer will
base the cdculation on the air consumption for each device
as shown in table 2-2.

(2) Exigting air compressors. Control systems can be
added to an existing air compressor until the running time
reaches 50 percent.

Table 2-2
Alr Consumption of Control Devices

Air consumption
Device type (scim)

IP e 435
Butterfly-valve actuator positive
positioner or inlet-vane

actuator positive positioner.............cccececiiniicnniinien, 865
Damper or valve positive

POSIHIONET ...oooveiiiciiei e e 10
EP et e 0

c. Application of air-consumption values to sizing of
air-compressor motors. An example of the application of
thevaluesin table 2-2 isasfollows:

51Ps @ 435 scim each =2,175scim
15 valve and damper positioners
@ 10 scim each 150 scim
2,325 scim
Therefore,
2,325 x 3 (for a running time) =6,975 scim

A check of manufacturers' catalog shows that a 1-hp com-
pressor delivers about 6,560 scim and that a 1¥2-hp com-
pressor delivers about 8,900 scim. Thus, a 1-hp compres-
sor for the indicated control system would run 35 percent
of the time, while a 1%>-hp compressor would run 26 per-
cent of the time. On the basis of this estimate, a power
circuit capable of serving a 1%2 hp motor would provide
adequate margin to compensate for variances in the air
consumption of control devices selected by the control-
system vendor.

2-12. Determination of control-valve flow
coefficient (C,).

a. Thecontrol valve flow coefficient (C,) is a number
representing the number of gallons of 60-degree F water
that will flow through avalve with a1 psi pressure drop.
The designer will calculate and select the liquid-flow co-
efficient (C) of all modulating-control valves required for
the design, and show the pressure against which the valve
must close. The sdlection of the valve's C, provides the
guidelines for the vendor's selection of the valve's port
size. The close-off pressure information gives the required
criterion for sizing the actuators for the valve selected by
the vendor.

b. A valve that is operated in a 2-position open and
closed manner will be a line-size valve with the largest
available C,, in order to reduce the pressure drop across the
vave and the pumping horsepower required. This applies
to dual-temperature-system changeover valves and dual-
temperature fan-coil-unit 3-way valves.

c. Thedesigner will sdect the C, of the valve based on
the maximum flow and the pressure drop for the valve.
The sdected control valve will be checked against
manufacturer's catalogs to ensure that such avalve C, is
available in a product of the control-valve manufacturers.

d. Toensuregood control characteristics, the pressure
drop through the control valve at full flow must be greater
than the pressure drop through the coil and piping circuit
(without the control valve) between the point where the
piping circuit connectsto the supply and return mains. The
pressure drop through the control vave will then be at
least 50 percent of the total pressure drop through the
circuit. The valve C, must be specified accordingly. For
liquid service, the vendor may supply a control valve with
a plus 25 percent deviation from that specified. The
designer must check to ensure that the pressure drop
through the valve will be acceptable at both the specified
C,and at aC, 25 percent greater than specified. Asthe C,
increases the pressure drop through the valve decreases.
For steam service, the vendor must supply a control valve
with a C, not less than the value specified and not larger
than the manufacturers next larger value.

2-13. Calculation of liquid-control-valve flow
coefficient (C,)

a. A physica phenomenon known as cavitation is a
cause of valve failure. Cavitation is caused when the
velocity through the valve creates an absolute pressure
lower than the vaporization pressure of the liquid. To
avoid cavitation, use equation 2-3 to determine the
maximum allowabl e pressure drop through open valves.

Pm = Km (Pe - Pv) (eg. 2-3)
Where:
Pm = Maximum alowable pressure drop through the
valve (psid).

Km = Valve pressure-recovery coefficient (use 0.45).

Pe=Absolute pressure entering the valve (psia) (by
design calculations).

Pv = Absolute vapor pressure of the liquid (psia)
(from steam tables).



For examples: If 200-degree-F water with an equivalent
vapor pressure of 11 .53 psiaisto flow through avalve
with aninlet pressure of 20 psig (34.7 psia), the maximum
allowable pressure drop through the valve, as a result of
using equation 2-3, will be 10.43 psid.

b. The pressure drop through the control valve must be
at least 50 percent of the total pressure drop, asfull flow,
through the circuit. Continuing with the above example,
assume a coil with a flow of 50 gpm and a 4 psig drop
through the coil, piping and fittings between the mains.
The maximum allowable pressure drop to avoid cavitation
was calculated to be 10.43 psid. An initial valve pressure
drop selection of 6 psid will prevent cavitation and provide
sufficient valve pressure for good control. The
C, can be calculated from:

C, = Q 1w
(P/G]

(eq. 2-4)

Where:

C, = Liquid-valve flow coefficient (gpm per psid)

Q = Gallons per minute (gpm).

P = Pressure drop through valve (psid).

G = Specific gravity of the liquid.
The specific gravity of water is 1. Asthe result of using
equation 24, C, = 20.41. If the designer specifiesa of 20,
the vendor can provide avalve with aC, in the range of 20
to 25. If the vendor provides a valve with a C of 25, the
pressure drop would be 4 psid as calculated by using
equation 24. This valve selection would make the pressure
drop through the valve exactly 50 percent of the drop
through the total piping circuit. Knowing that a plus 25
percent deviation in valve C, selection is allow-able, the
designer could select a C, which would result in alarger
pressure drop through the control valve. With aC, of 16,
the valve pressure drop will be 9.76 psid as calculated by
the use of equation 24. This is less than the maximum
alowable valve pressure drop of 10.43 psid, and the circuit
pressure drop would be 4 psid (coil and piping) plus 9.76
psid (valve) = 13.76 psid. A C, of 16 would result in the
pressure through the valve being 71 percent of the drop
through the piping circuit. If the designer specifiesa C, of
16, the vendor can provide a valve with a C, in the range
of 16 to 20. Cavitation will not be a problem in this
exampleif the water temperature used in 200 degrees F, or
less. In most HVAC control-valve applications, water
temperatures are less than 200 degrees F. When the hot-
water temperature is scheduled from outside air, 200-
degree-F water will occur only on design heating days.
Also, cavitation should not be a problem in hydronic
systems when expansion tank pressures are adjusted so
that cavitation is not present at the pump inlet. Selection
by the designer of acontrol valve C, of 20 rather thanaC,
of 16 would be technically acceptable according to the
criteria of this TM, but would not be a good engineering
practice. If the larger C, is used as the basis of design, the
contractor may provideavalve with aC, of 25. A C, of 25
may result in the valve pressure drop being less than 50
percent of the drop through the circuit. The basis of design

valve C, is selected because of the drop expected through
the basis of design coil and the piping system
configuration shown by the designer. The coil provided by
the contractor, field piping conditions and aging of the
piping system are factorswhich could result in the installed
valve being less than 50 percent of the drop through the
coil when the contractor provides avalve with the largest
C, permissible.

c. Review of manufacturers' catalogs shows the ready
availahility of valves with C, in the range of 16 to 25, as
listed in table 2-3.

Table 2-3
Avallable Control Valves with C, in the Range of 16 to 25

Valve Type Valve Size Cy
Normally-open water valve 1-inch 18
Normally-open water valve 1% inch 222
Normally-open water valve 1% inch 17
Normally—open water valve 1% inch 16
Normally-open water valve 1%2 inch 25
Normally-open water valve 1%z inch 20
Three-way valve 1-inch 18
Three-way valve 1-inch 18.1
Three-way valve 1% inch 16
Three-way valve 1% inch 17
Three-way valve 12 inch 25
Three-way valve 1%z inch 21

At this point, the designer will check the line size of the
piping circuit and check the piping size of the reducing
fittings. A good choice for the designer would be to show
the C, at 16 and the maximum close-off pressure at 20
psig in this example because there are more control vaves
available in the range of 16 to 20 (a plus 25 percent devi-
ation) than there are in the rage of 20 to 25 (a plus 25
percent deviation).

d. The C, calculations for selecting a butterfly valve
areidentical to thosefor any valve except that the valve C,
is selected using the calculated C, at a maximum of 70
degrees open when the vaveis to be used in a modulating-
control application. (The butterfly valve does not have a
good modulating control characteristic curve between 70
degrees and 90 degrees open.)

e. When sdecting control valves for liquid service
other than water, the designer will take into account the
specific gravity of the liquid. If the liquid has a specific
gravity of 1.05, for the same gpm, the liquid flow will
produce a 5 percent greater pressure drop through the
vave.

2-14. Calculation of steam-control-valve flow
coefficient (C,)

a. Cdculaing and selecting the required C, of a steam
valve requires the designer to consider:
(1) The saturated or superheated condition of the
steam.
(2) Theinlet pressure at the valve.
(3) The minimum required steam pressure entering
the steam-condensing apparatus at peak heating load.

b. thedesgner will use equationsthat correct the liquid
C, for the compressibility of the steam. The designer will
takeinto account in his calculations that the limiting factor
of steam flow through a control valve is the flow that
occurs at critical pressure drop, and will use an appropriate
factor for calculating the critical pressure drop. The
designer will caculate the critical pressure drop across the
valve by using equation 2-5.

Pcr = Km (Pe) (eg. 2,5)
Where:
Pcr =  Ciritical pressure drop (psid).
Km=Vave pressure-recovery coefficient (use
0.45)
Pe= Absolute pressure of the steam entering the
valve (psia).

c. For seam-control-valve application using saturated
steam at a pressure drop across the valve less than the
critical pressure drop, the C, will be calculated using
equation 2-6.

Q (eq. 2-6)
C, = 211, + P) P]*

Valve flow coefficient (gpm per psid).

Pounds of steam per hour.

11 = Compressibility and conversion factor.

= Absolute steam pressure entering the valve
(psia).

= Albsolute pressure entering steam coil
(psia).

= Pressure drop through valve (psid).

d. When the drop across the valve will be at or greater
than the critial pressure drop and the steam is saturated,
the C, will be calculated using equation 2-7.

Q (eq. 2-7)
C, = 1714 P,
Where:
C, = Vaveflow coefficient (gpm per psid).
Q = Pounds of steam per hour.
1.74 = Compressibility and conversion factor.

Pe = Absolute pressure of entering steam (psia).

e. For superheated steam applications where the drop

across the valve is less than the critical pressure, the C,
will be calculated using equation 2-8.

Q( + 0.0007 T,)
C, = 2.11[P + P) P}

v

(eq. 2-8)

Where:
C, Valve flow coefficient (gpm per
psid).
Q = Pounds of steam per hour.
(1+ 0.0007 Tsh)=  Superheat factor.

Tsh = Superheat temperature in degressF.

2.11= Compressibility and conversion

factor.

Pe = Absolute pressure of the steam
entering the valve (psia).

Po = Absolute pressure of the steam

entering the coil (psia).
P = Pressure drop through valve (psid).
Tsh isthe Fahrenheit superheat temperature of the steam
reduced to the lower pressure from the higher pressure.
f. For superheated steam applications where the pressure
drop across the valve at or greater than the valve's critical
pressure, the C, will be calculated using equation 2-9.

Q@ + 0.0007 T,) (eq. 2-9)
C, = 114P,
Where:
C, = Valve flow coefficient (gpm per

psid).
Q = Pounds of steam per hour.
(1+ 0.0007 Tsh)=  Superheat factor.

Tsh = Superheat temperature in degrees F.

1.741 = Compressibility and conversion
factor.

Pe = Absolute pressure of the steam

entering the valve.

g. Anexampleof thecalculation required for the C, of
avave designed to handle saturated steam when the pres-
suredrop will belessthan critical is asfollows: Anair coil
requires 250 pounds of steam per hour entering the coil at
2 psig. The steam is generated by alocal boiler with the
boiler's operating pressure switches set at 5 psig "on" and
8 psig “off'. Assuming 5 psig at peak load at the valve
inlet and 2 psig at the valve outlet, the C,is11.34 as a
result of using equation 2-6. In this example, critical
pressure drop is not a limiting factor, because the coil
pressure at critical pressure drop would be (14.7 + 5) x
0.45 = 8.87 psia, which is not possible unless the system
is designed to operate at a high vacuum. A check of
manufacturers literature shows C, of 10, 12, and 13 and a
1-inch valve. A valve C, of 12 would be a good design
choice for this application.

h. When the calculation for steam-valve selection
resultsin a C, of greater than 55, the designer will select
two valves, with C, chosen to split the flow unevenly
between the valves, agood retio is one-third of the flow for
the smaller valve and two-thirds of the flow for the larger
valve, which, however, is not always achievable from the
normally available stock of valves. As an example of the
calculation required, a steam converter requires 6,000
pounds per hour of steam at 1 psig entering the converter
shell at peak load with the steam pressure reduced from
125 psig to 25 psig near the convertor. The critrical
pressureis 17.87 asaresult of using equation 2-5, and the
pressure drop across the valve is 25-1 = 24 psi, which is
greater than the critical pressure. The constant-enthal py
process of reducing the steam pressure from 125 psig to 25
psig resultsin 48 degrees of superheat. Therequired C, is

11



89.1 asaresult of using equation 2-9. This C, is 3 percent
larger than it would have been if the steam were saturated
at 25 psig and C, were cadculated from equation 2.7. In this
example, the designer should show two valvesin paralld
and attempt to find available valves with C, of
approximately 60 and 30. A check of manufacturers
catalogs for this example results in the designer showing
vaveswith C, of 70 and 23 and a close-off pressure of 25
psig. The selection results from the following available
control valve combinations, any of which will meet the
designintent:

(1) 1lvalve2¥2inchsize, C, =74 and
1lvalve1l¥2inch size, C,= 18, or total C, =92

(2) 1valve2¥2inchsize, C, =70, and
lvalve1l¥2inch size, C, =23, or total C, =93

(3) 1valve3-inchsize C,=70.7, and
1valve 1l¥2inch, C,=23.1 or total C, = 93.8

2-15. Surge-protection provisions for
transmitter and control wiring

Because HVAC control-system transmitter signals and
single-loop controller signals are interfaced with EMCS,
the appropriate surge protection will be provided in the
HVAC control system design asdescribed in TM-5-815-2.

12
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